Introduction
Bronchopulmonary dysplasia (BPD) is an important complication of prematurity and has long-term pulmonary consequences. Cardiovascular sequelae related to BPD have also been reported in severe BPD patients of the presurfactant era [1, 2] .
In the postsurfactant era, a limited number of studies have shown that severe pulmonary hypertension in BPD patients is related to decreased survival, and high pulmonary arterial pressures persist until the end of the first year, but not until 7-8 years of age [3] [4] [5] . Neither the duration nor the significance of echocardiographic changes is clear in new BPD patients, and we do not know whether there are risk factors that can be avoided to prevent cardiac sequelae in this group of patients.
Myocardial tissue Doppler echocardiography (TDE) may successfully demonstrate subclinical cardiac changes in adult chronic lung disease and in children with obstructive sleep apnea and bronchial asthma [6] [7] [8] [9] . In preterm infants, myocardial TDE correlates with BPD severity at early phases of the illness [10] . Since myocardial TDE may provide a better understanding of subtle cardiac dysfunction, we evaluated cardiac functions with both conventional echocardiography (CE) and myocardial TDE in BPD patients at 2-4 years of age and analyzed possible risk factors related to cardiovascular sequelae.
Materials and Methods
The study was conducted at the High Risk Infant Follow-Up Clinic at Ege University Children's Hospital. Only inborn patients, aged 2-4 years at the time of the study and regularly attending our follow-up clinic, were enrolled. Of 23 patients with BPD meeting the inclusion criteria, 2 infants had moved out of Izmir; the remaining 21 infants were enrolled. Control group patients were recruited among children born before 32 weeks of gestation and who survived without BPD; the first 20 patients whose parents replied to the study announcement were enrolled. BPD was defined and classified as mild, moderate and severe BPD [11] . Infants with congenital malformations were excluded from the study. The study was approved by the local ethics committee, and written informed consent was obtained from all parents.
Patient records were reviewed for antenatal and neonatal characteristics and medications. Per institutional policy, infants <32 weeks old with respiratory distress syndrome in the first hour of life received early surfactant treatment; older infants with respiratory distress syndrome received rescue surfactant treatment. Glucocorticoid therapy for BPD included dexamethasone at a starting dose of 0.2 mg/kg/day, only after the first 7 days, as suggested in the literature [12] . Dexamethasone was started in infants with established or evolving BPD who could not be weaned from ventilatory and/or oxygen support. Glucocorticoid therapy was withheld if any systemic complication appeared or no improvement in pulmonary condition was observed within 3 days. Dexamethasone was tapered over 10 days in patients showing improvement.
At the time of study, a thorough physical examination, CE and myocardial TDE were performed. Blood pressure (BP) measurements were obtained in the midmorning by an automated sphygmomanometer (Philips A1 Vital Signs Monitor) oscillometrically. Previously published standards for the evaluation of BP measurements were used [13] .
Echocardiographic Measurements and Calculations
All subjects underwent 2-dimensional M-mode echocardiography and Doppler study using a Vivid 7 system with a 3-7 MHz transducer (GE Vinmed, Horten, Norway). Echocardiographic studies were performed by the same pediatric cardiologist (E.L.). All subjects were at rest during the examination. M-mode measurements were carried out with standard techniques in accordance with the recommendations of the American Society of Echocardiography [14] . Inflow velocities were obtained with pulsed wave Doppler at the leaflet tips; early diastolic inflow velocity (E), velocity during active atrial contraction (A), E to A wave (E/A) ratio and deceleration time were measured. Right and left ventricular myocardial performance indexes (RVMPI and LVMPI) and inflow velocities (E and A wave velocities) were obtained in the 4-chamber plane with a pulsed wave Doppler. Average values of these indexes obtained from 5 consecutive cardiac cycles were used for analysis [15] . Pulsed wave Doppler tissue velocities were obtained at the cardiac base in the apical 4-chamber orientation from three locations: the lateral mitral annulus, the interventricular septum and the lateral tricuspid annulus. Tissue Doppler measurements from each of these myocardial wall segments included peak systolic annular velocity, peak early diastolic annular velocity (E ′ ) and peak late diastolic annular velocity (A ′ ) waves. The ratio of early mitral inflow measured by Doppler to peak early diastolic annular velocity (E ′ /A ′ ) was calculated as well [16] .
Statistical Analysis
Data are summarized as the mean ± SD and percentages. The Statistical Package for the Social Sciences for Windows 19 .0 was used to analyze data. The χ 2 test, Fischer's exact test, the independent samples t test (with 95% confidence interval) and analysis of variance tests were performed to determine differences between the study groups as appropriate. Bonferroni correction was applied for multiple comparisons. Correlations between continuous variables were analyzed by Pearson's correlation test. We considered differences significant at p < 0.05.
Results

Antenatal and Clinical Characteristics of the Study Groups
Antenatal characteristics of the study groups were similar ( table 1 ). The duration of premature rupture of membranes (PROM) in our study groups appears long due to a limited number of cases with very long periods of PROM. When regrouped, the number of cases among control and BPD groups were 0 versus 5 for PROM <24 h, 4 versus 4 for PROM 24 h to 7 days, and 3 versus 1 for PROM >7 days, respectively. No further statistical analyses could be performed due to the small number of cases in each subgroup. Since neither duration nor frequency of PROM was different between the two study groups, we do not think this causes any bias upon our findings.
At the time of study, the mean chronological and corrected age of both groups was similar ( table 2 ) . BPD patients had slightly lower body weight, height and head circumference measurements (p = 0.566, 0.692 and 0.05, respectively). The BPD group had a lower birth weight, a longer duration of mechanical ventilation and oxygen therapy and more frequently experienced perinatal asphyxia and pulmonary hemorrhage. Three patients from the control group had received a single dose of dexamethasone (0.25 mg/kg) due to upper airway edema in the early postextubation period. Twenty of 21 BPD patients were treated with postnatal steroids for BPD, started at 23.5 ± 13.06 days of life. Of the 21 BPD patients, 14 had mild, 3 had moderate and 4 had severe BPD. Four infants with BPD were discharged with oxygen therapy. Two BPD patients were treated briefly for pulmonary hypertension in the neonatal intensive care unit. All patients were asymptomatic with normal oxygen saturations in room air at the time of study. None of the patients had received inhaled steroids or bronchodilators in the previous 6 months. 
Cardiovascular Findings
None of our patients had any signs or symptoms of cardiac pathology and none was on any kind of cardiac medication. The mean ± SD systolic BPs were 94 ± 10 and 90 ± 10 mm Hg in BPD and control groups, respectively (p = 0.58), and the mean diastolic BPs were also similar within BPD and control groups: 50 ± 12 and 53 ± 7 mm Hg, respectively (p = 0.12). None of the BP measurements were abnormal according to guidelines [13] .
Conventional Echocardiographic Findings
M-mode and Doppler echocardiographic measurements are summarized in table 3 . Mean right ventricular fractional shortening was decreased in the BPD group; so were the tricuspid E/A ratio and mitral late diastolic inflow velocity. On the other hand, the mean mitral E/A ratio was higher in the BPD group. Decreased pulmonary artery acceleration time (PAAT) in BPD patients corresponds to higher pulmonary arterial pressures, whereas increased RVMPI and LVMPI correspond to global (both systolic and diastolic) dysfunction in both ventricles.
Myocardial TDE Findings
Myocardial TDE measurements are summarized in table 4 . At the tricuspid annulus, the E ′ /A ′ ratio and E ′ velocity were lower, whereas A ′ velocity and the isovolumetric contraction time were higher in the BPD group. Among the myocardial TDE parameters of the septum, the systolic velocity was longer in BPD patients. Measurements of the mitral annulus were similar. 
Relationship between Clinical Characteristics and Echocardiographic Findings
Antenatal corticosteroid or postnatal surfactant treatments did not have any effect on LVMPI, RVMPI and PAAT ( table 5 ) . Infants who had received corticosteroids for BPD in the postnatal period had higher LVMPI and RVMPI accompanied with lower PAAT values. When we analyzed the data among no BPD, mild BPD and combined moderate/severe BPD subgroups, significant differences were observed by one-way analyses of variance ( table 5 ) . After Bonferroni correction for LVMPI, the significance persisted for no BPD versus moderate/severe BPD ( fig. 1 a) . RVMPI was significantly higher in mild and moderate/severe BPD groups when compared to the no BPD group ( fig. 1 b) . Similarly, PAAT was significantly lower in mild and moderate/severe BPD subgroups compared to infants without BPD ( fig. 1 c) .
Gestational age did not correlate with LVMPI, RVMPI or PAAT. However, the birth weight correlated negatively with RVMPI and positively with PAAT (r = -0.371 and 0.406 and p = 0.017 and 0.09, respectively). The cumulative corticosteroid dose also correlated positively with LVMPI along with RVMPI and negatively with PAAT The independent effect of BPD severity was evaluated with covariance analyses for LVMPI, RVMPI and PAAT in a model removing the effects of the cumulative corticosteroid dose; BPD severity was still associated with PAAT values, but not with LVMPI or RVMPI (p = 0.014, 0.650 and 0.364, respectively).
Discussion
BPD, as one of the most important morbidities related to premature birth, has long-term cardiovascular effects which are not well defined in the new BPD patients of the postsurfactant era.
Clinical and subclinical pulmonary hypertension has been previously shown in BPD patients at different ages. Fitzgerald et al. [17] reported a high prevalence of subclinical pulmonary hypertension in BPD patients at 48-87 months. PAAT was lower in BPD patients with the most severe pulmonary obstruction compared to premature infants at 50-120 weeks of corrected age [18] . In another study, acceleration time/right ventricular ejection time, a sign of elevated pulmonary arterial pressure, was significantly lower in infants with BPD at 40-52 weeks of corrected age [4] . Kazanci et al. [19] reported higher pulmonary artery pressures in BPD patients at 10-63 months. However, Korhonen et al. [5] found no signs of elevated pulmonary pressures at 7-8 years of age.
Our data show that some degree of elevated pulmonary pressures persist up to a mean chronological age of 33 months in BPD patients. Neither antenatal steroids nor surfactant treatment had any effect on this finding; however, PAAT values were lower in more severe BPD patients. PAAT was correlated negatively with the cumulative steroid dose, suggesting that higher doses of steroids used in the neonatal period may be related to higher pulmonary pressures in the long term.
In addition to pulmonary hypertension, right and left ventricular hypertrophy were reported frequently in BPD patients of the presurfactant era [20] [21] [22] . Our echocardiographic evaluations did not reveal any ventricular hypertrophy in accordance with other studies in the postsurfactant era [3, 4, 19] .
Even in the absence of ventricular hypertrophy, we had evidence of right and left ventricular dysfunction. Right ventricular fractional shortening was lower in the BPD group showing right ventricular systolic dysfunction secondary to high pulmonary pressures. In the early stages of diastolic dysfunction, impaired relaxation of the left ventricle predominates, and this decreases early diastolic filling (E), increases filling at atrial contraction (A), and thus, decreases the E/A ratio [23] . Therefore, a decreased tricuspid E/A ratio in our BPD group may be an early sign of right ventricular diastolic dysfunction. These findings are consistent with the increased RVMPI, indicating a global problem in the right ventricle. Increased mitral E/A measurements may be interpreted as the left ventricular restrictive pattern secondary to pulmonary hypertension. Increased LVMPI of BPD patients demonstrates that the left ventricle was also globally affected. Since all patients had normal BPs, left ventricular dysfunction was considered to be secondary to right ventricular dysfunction due to pulmonary hypertension, which restricts the left ventricle in the diastole.
Korhonen et al. [5] reported similar ventricular functions in preterm patients with and without BPD at 7-8 years of age. However, myocardial performance index values were not reported in that study. Our abnormal biventricular myocardial performance index findings may also resolve before 7-8 years of age.
Myocardial TDE findings showing a decreased tricuspid E ′ /A ′ ratio in BPD patients supported data from CE on diastolic dysfunction of the right ventricle. The restrictive pattern of CE evaluations of the left ventricular functions was not demonstrated with myocardial TDE.
In our study, the sickest infants received the highest doses of steroids. Further statistical analyses to clarify the relation between disease severity and steroid dose on cardiovascular findings revealed that BPD severity had a direct effect on PAAT, but its effects on LVMPI and RVMPI were indirect through the cumulative steroid dose.
Evaluation of cardiac functions in the pediatric population is challenging due to the restlessness of the patients, interobserver variability and heterogeneity of the reference values for different age groups. In our study, echocardiographic measurements were performed at rest and by the same experienced pediatric cardiologist (E.L.). Eidem et al. [24] , with the largest number of healthy children at similar ages to our study groups, reported mean ± SD values for LVMPI and RVMPI of 0.34 ± 0.07 and 0.28 ± 0.07 for children aged 1-5 years. These values are very close to LVMPI and RVMPI measurements of former preterms without BPD in our group, showing the reproducibility of our data. There are also limitations of echocardiography in the estimation of pulmonary arterial hypertension, since actual values can only be measured invasively [25] .
In conclusion, our findings reveal that global changes of right and left ventricular functions and increased pulmonary arterial pressures persisted up to preschool ages even in infants with a less severe form of BPD. Lung-protective strategies should be used for preterm infants to prevent BPD and its consequences in the first place. In addition to that, steroids should be used prudently, as they appear to be associated with cardiac sequelae in a dose-related manner in our study.
